Introduction: In general, mice develop chronic and nonhealing periapical lesions after endodontic infection. Surprisingly, we recently found that toll-like receptor 2 (TLR2)/interleukin 10 (IL-10) double-knockout (dKO) mice exhibited acute but resolving osteomyelitislike inflammation. In this study, we examined the kinetics of endodontic infection-induced inflammation in TLR2/ IL-10 dKO mice and explored a potential mechanism of periapical wound healing mediated by the hypoxiainducible factor 1 alpha (HIF-1a) subunit and arginase 1. Methods: TLR2/IL-10 dKO and wild-type C57BL/6J mice were subjected to endodontic infection in the mandibular first molars. Mice were sacrificed on days 0 (noninfected), 10, and 21 postinfection. The extent of bone destruction, inflammation, bone deposition, and gene expression were determined by micro-computed tomographic imaging, histology, bone polychrome labeling, and microarray analysis. In addition, the effect of blocking endogenous HIF-1a was tested in infected TLR2/IL-10 dKO mice using the specific inhibitor YC-1. Results: Infected TLR2/IL-10 dKO mice exhibited extensive bone destruction and inflammation on day 10 followed by spontaneous periapical wound healing including bone formation and resolution of inflammation by day 21 postinfection. In contrast, WT mice developed increasing chronic periapical inflammation over the 21-day observation period. Gene expression analyses and immunohistochemistry revealed that HIF-1a and arginase 1 were up-regulated in spontaneous wound healing in TLR2/IL-10 dKO mice. Blocking of HIF-1a in TLR2/IL-10 dKO mice using YC-1 resulted in significant inhibition
O steomyelitis is a bacterial infection that results in inflammation of bone marrow and adjacent bone. Acute osteomyelitis of the jaws is most commonly caused by exacerbation of an untreated periapical lesion/ abscess, resulting in rapid and severe tissue and bone destruction (1) . In contrast, chronic osteomyelitis is a sequel to acute osteomyelitis or occasionally occurs in response to a low-grade inflammatory process, leading to trabecular bone formation and a reduction of the marrow spaces (1) .
Besides infection by virulent bacteria, susceptibility to osteomyelitis is modulated by various genetic factors including interleukin (IL) 1 alpha (-889) promoter polymorphisms (2) , deficiency of IL-1 receptor antagonist (IL-1RA) (3), reduced Il10 promotor phosphorylation (4), reduced myeloid IL-10 expression (4), and dysfunction of toll-like receptor 2 (TLR2) (5) . In previous studies, the development of infectioninduced bone loss and inflammation were elevated in IL-1RA-deficient knockout (KO), IL-10 KO, and TLR2 KO mice (6-8) but did not progress to osteomyelitis. These findings suggest that the host has evolved endogenous multilayer defense mechanisms for preventing severe infectious/inflammatory diseases in bone.
Recently, we generated a TLR2/IL-10 double-deficient (doubleknockout [dKO] ) mouse that uniquely develops infection-induced inflammation resembling the clinical course of osteomyelitis of the jaws. In the present study, we characterized the pathogenesis of osteomyelitislike inflammation in this model and defined several potential mechanisms involved in reactive bone formation and spontaneous wound healing.
Materials and Methods

Animals
TLR2/IL-10 dKO mice, generated by crossbreeding of TLR2 KO and IL-10 KO mice (The Jackson Laboratory, Bar Harbor, ME), and wild-type (WT) C57BL/6J mice were used. A total of 19 TLR2/IL-10 dKO and 11 WT mice were used. All protocols were approved by The Forsyth Institutional Animal Care and Use Committee.
Endodontic Infection
Exposed mandibular first molar pulps of 5-to 6-week-old mice were inoculated with Parvimonas micra (ATCC 33270; American Type Culture Collection, Manassas, VA), Streptococcus intermedius (ATCC 27335, American Type Culture Collection), Prevotella intermedia (ATCC 25611, American Type Culture Collection), and Fusobacterium nucleatum (ATCC 25586, American Type Culture Collection) as described previously (7, 8) .
Micro-computed Tomographic Imaging and Histology
On days 10 and 21 postinfection, mice were sacrificed by CO 2 inhalation. Mandibles were isolated and hemisected. One hemimandible was fixed and subjected to micro-computed tomographic (mCT) analysis (7, 9) followed by histology including immunohistochemistry for arginase 1 (Arg1) (sc-18351 [N20]; Santa Cruz Biotechnology, Dallas, TX; dilution 1:50), macrophages (anti-F4/80 12310; BioLegend, San Diego, CA; dilution 1:100), inducible nitric oxide synthase (iNOS) (ab3523; Abcam, Cambridge, UK; dilution 1:400), and hypoxia-inducible factor 1 alpha (HIF-1a) (AVARP 20009_P050; Aviva Systems Biology, San Diego, CA; dilution 1:200). Primary antibodies were detected using Vector ELITE ABC Kits (Vector Laboratories, Burlingame, CA) according to the manufacturer's instructions.
Direct Polychrome Bone Labeling
Bone deposition in each strain (n = 3) was evaluated using calcein blue, xylenol orange, calcein, alizarin complex one, and hematoporphyrin (all from Sigma-Aldrich, St Louis, MO) (10) . Mice were injected intraperitoneally on days À1, 6, 9, 12, and 15 relative to pulpal infection and were killed on day 18. Polished epoxy resin-embedded mandible samples (EMbed 812; Electron Microscopy Sciences, Hatfield, PA) were analyzed using a Stemi SV11 microscope (Carl Zeiss Microscopy, Thornwood, NY).
Microarray and Real-time Reverse Transcription Polymerase Chain Reaction
For analysis using Affymetrix GeneChip Mouse Gene 1.1 ST Array (Thermo Fisher Scientific Inc, Waltham, MA), total RNA samples were isolated from periapical lesions in hemimandibles (8) and were subjected to fragmented/labeled complementary synthesis using the Ovation Pico WTA System, the WT-Ovation Exon Module, and the Encore Biotin Module (all from NuGEN Technologies Inc, San Carlos, CA) following the manufacturer's instructions. Changes in gene expression were considered significant if the detection P value was <.05 and the fold change value was >2.0. The infection effect on gene expression profiles in each strain was assessed by either 1-way analysis of variance or the Fisher exact t test using Partek Genomics Suite V6 software (Partek, St Louis, MO). The expression of Hif1a, Cp (ceruloplasmin), and Caix (carbonic anhydrase 9) was further validated by real-time reverse transcription polymerase chain reaction using the 2 ÀDDCT method and the Student t test. Ywhaz (14-3-3 protein zeta/delta) served as a reference gene. The list of primers is shown in Supplemental Materials and Methods (available online at www.jendodon.com).
Inhibition of HIF Activation In Vivo
The specific HIF inhibitor YC-1 (Sigma-Aldrich) was locally injected in infected TLR2/IL-10 dKO mice via root canals (5 mg/kg/time) using a 36-G needle at 2-day intervals from days 1 to 19 postinfection (11, 12) . Mice receiving phosphate-buffered saline served as controls. Notably, the altered intraosseous structure (including trabecular bone, interradicular septum, mandibular canal, and socket of the mandibular incisor), thinned cortical bone, and periosteal reaction (new bone formation at the bottom of the mandible) were observed (n = 4). (E and F) mCT images of the mandibular molar region of WT mice on day 10 on the (E) sagittal and (F) coronal plane. Although minimal bone destruction was noted, the bony structure was generally conserved in WT mice (n = 4). Hematoxylin-eosin staining of the periapical region on day 10 in (G) dKO and (H) WT mice. A periapical abscess with extensive tissue destruction and remarkable inflammatory cell infiltration was present in dKO mice. In contrast, WT mice exhibited only mild inflammation centered around the apical foramen (20Â magnification, scale bar = 500 mm). CT images of dKO mice on day 21 on the (I) sagittal and (J) coronal plane. Considerable reactive endosteal and periosteal bone formation occurred, resulting in reconstruction of the mandibular canal and the incisor socket (n = 4). CT images of WT mice on day 21on the (K) sagittal and (L) coronal plane. Periapical bone destruction was progressive compared with day 10 (n = 4). Hematoxylin-eosin staining of the periapical region on day 21 in the (M) dKO and (N) WT mice. Substantial spontaneous resolution of inflammatory cell infiltration and bone formation was observed in dKO mice. Periodontal ligament tissue between M1D and M2M was undergoing repair. In contrast, mild to moderate inflammation continued in WT mice (20Â magnification, scale bar = 500 mm). Representative images indicating the kinetics of bone deposition in (O) TLR2/IL-10 dKO and (P) WT mice (n = 3/strain). Calcein blue (blue), xylenol orange (orange), calcein (green), alizarin complex one (dark red), and hematoporphyrin (bright red) were injected intraperitoneally on days À1, 6, 9, 12, and 15 relative to pulpal infection. In the area surrounding the mandibular first molar, the bone deposited on day À1 (blue) was already gone at day 18 in both dKO and WT mice because of pathological and physiological resorption. (O) In dKO mice, most of the bone deposited before day 9 (blue, orange, and green) did not exist around the first molar. Instead, the space was occupied with irregular-shaped bone deposited on days 12 (dark red) and 15 (bright red). (P) In WT mice, intrabony structure mainly consisted of the bone deposited on days 9 (green), 12 (dark red), and 15 (bright red) along the bone deposited on day 6 (orange). MR, mesial root, first molar; DR: distal root, first molar. Scale bar = 500 mm (20Â magnification). The status of reactive bone formation was evaluated on day 21 using mCT imaging.
Results
TLR2/IL-10 dKO Mice Develop Osteomyelitislike
Inflammation and Subsequent Spontaneous Wound Healing TLR2/IL-10 dKO and WT mice were subjected to pulpal infection. On day 10 postinfection, TLR2/IL-10 dKO mice exhibited severe bone destruction compared with WT controls (Fig. 1A-H) . Histology revealed severe tissue destruction and extreme inflammatory cell infiltration in TLR2/IL-10 dKO mice, resembling acute osteomyelitis (Fig. 1G) . In contrast, WT mice exhibited localized mild to moderate inflammatory cell infiltration (Fig. 1H) . Surprisingly, on day 21, TLR2/IL-10 dKO mice developed a sunburst appearance of mandibular bone on mCT imaging, indicating a periosteal reaction (Fig. 1I and J) and endosteal reactive bone formation ( Fig. 1I and J) . Furthermore, the extreme inflammatory cell infiltration observed in TLR2/IL-10 dKO day 10 lesions spontaneously resolved almost completely on day 21 (Fig. 1M) . In contrast, WT developed radicular granulomas with moderate inflammatory cell infiltration (Fig. 1N ) and a moth-eaten appearance of residual bone (Fig. 1K and L) with no apparent bone formation (Supplemental Results are available online at www.jendodon.com).
Reactive Bone Formation in TLR2/IL-10 dKO and WT Mice
The total bone volume in TLR2/IL-10 dKO mandibles decreased dramatically to x25% on day 10 compared with noninfected controls (Supplemental Fig. 1is available online at www.jendodon.com), with a striking reversal on day 21(x120% vs. controls). In contrast, x5% reduction of the total bone volume occurred in WT mice during the experiment. The kinetics of bone deposition was further analyzed using dynamic labeling ( Fig. 1O and P) . Extensive bone deposition, which was not associated with the residual bone, occurred around periapices in TLR2/IL-10 dKO mice between days 9 and 18 although the shape and location of newly deposited bones were irregular (Fig. 1I , J, M, and O). In contrast, the deposition in WT mice occurred solely along the residual bone surfaces.
Resolution of Inflammation in TLR2/IL-10 dKO Mice
On day 10 postinfection, proinflammatory iNOS(+) cells occupied the core area of abscesses in TLR2/IL-10 dKO mice ( Fig. 2A) , with the core surrounded by F4/80(+) cells (Fig. 2B) . Interestingly, substantial numbers of Arg1(+) cells accumulated simultaneously in the core region (Fig. 2C) . Arg1(+) cells may consist of both F4/80(À) and F4/80(+) leukocytes. On day 21 ( Fig. 2D-F) , dramatic resolution of the core with considerable reduction of Arg1(+) cells was observed in TLR2/IL-10 dKO mice. In an area adjacent to the interradicular septum (indicated by asterisk in Fig. 2D-F) ', iNOS(+), F4/80(+), and Arg1(+) cells still coexisted, indicating a state of chronic inflammation in TLR2/IL-10 dKO mice. In WT lesions, a mild to moderate diffuse infiltration of iNOS(+), F4/80(+), and Arg1(+) cells was observed on day 10 ( Fig. 2G-I) , which persisted to day 21 (Figs. 1N and Fig. 2J-L) , indicating a progressive chronic inflammatory state in WT lesions.
Gene Expression Profile on Day 10 Postinfection
We compared periapical gene expression profiles on days 0 (baseline) and 10 postinfection in each strain. The list of the top 25 up-regulated genes in TLR2/IL-10 dKO and WT mice is summarized in Supplemental Tables 1 and 2 (available online at www.jendodon. com), respectively. Hif1a, which regulates bone formation and inflammation (13, 14) , was strikingly up-regulated in TLR2/IL-10 dKO lesions. In quantitative reverse transcription polymerase chain reaction analysis, the expression of Hif1a in TLR2/IL-10 dKO mice peaked on day 10 and declined thereafter along with spontaneous resolution of inflammation (Fig. 3A) . In WT, the Hif1a gene was modestly elevated on day 21 (P > .05). The activation of the HIF pathway in TLR2/IL-10 dKO day 10 lesions was confirmed by up-regulation of Cp and Caix, which are downstream genes induced by HIF-1 ( Fig. 3B and  C) . In contrast, Hif1a and Cp were belatedly up-regulated in WT day 21 lesions. On the other hand, genes related to proresolving M2 macrophage activation, Arg1 and Il13ra1, were significantly elevated only in the TLR2/IL-10 dKO lesions but not in WT lesions on day 10 (see Fig. 2 for Arg1 protein expression in situ).
Distinct Kinetics of HIF-1a(+) Cells in TLR2/IL-10 dKO and WT Mice
The high expression of HIF-1a protein was confirmed in infiltrating cells in TLR2/IL-10 dKO day 10 lesions (Fig. 3D1) . In contrast, staining for HIF-1a protein was weak in WT day 10 lesions (Fig. 3D2) . On day 21, most HIF-1a(+) cells disappeared from the periapical regions in TLR2/IL-10 dKO mice consistent with the resolution of inflammation (Fig. 3D3) . In WT lesions, HIF-1a was evident in the area of inflammatory cell infiltration on day 21 (Fig. 3D4) .
Effect of Inhibition of the HIF-1a Pathway on Endosteal Reactions in TLR2/IL-10 dKO Mice
Our findings suggested that activation of HIF-1a is involved in the spontaneous healing and resolution of acute inflammation. To test this hypothesis, we administered YC-1, a well-characterized HIF-1a inhibitor, to infected TLR2/IL-10 dKO mice locally via the root canals from days 1 to 19 postinfection. As shown in Figure 4A -E, YC-1 prevented reactive bone formation in the periapical region on day 21, indicating that activation of HIF-1a was crucial for bone repair. The level of inflammation was also reduced after YC-1 treatment versus controls ( Fig. 4C and F) .
Discussion
To date, no animal models of endodontic infection-induced osteomyelitis of the jaws have been reported, limiting our knowledge of the host factors that affect the onset and the course of osteomyelitis. In this study, we characterized the pathogenesis of osteomyelitislike inflammation caused by endodontic infection in TLR2/IL-10 dKO mice. TLR2/IL-10 dKO mice exhibited rapid progression of osteolytic acute inflammation within 10 days postinfection. This extreme phenotype is most likely dependent on the additive or synergistic effect of hyperinflammatory phenotypes in TLR2 KO and IL-10 KO strains (7, 8) . However, TLR2/IL-10 dKO mice also surprisingly underwent spontaneous resolution of inflammation with reparative bone formation by day 21. Such wound healing has never been observed in WT, TLR2 KO, or IL-10 KO parental strains although new bone formation does occur after approximately 2 months coincident with lesion stabilization (15) .
Microarray analysis suggested that Hif1a and Arg1 were involved in the process of spontaneous wound healing. HIF-1 is a master regulator expressed in response to hypoxia. HIF-1 is a heterodimeric transcription factor consisting of an alpha and a beta subunit. HIF-1a is unstable under normoxia because of proryl hydoroxylasemediated ubiquitination and after proteasomal degradation. Hypoxia stabilizes HIF-1a and leads to dimerization with HIF-1b, activating HIF-1-inducible pathways (16) . The primary role of activated HIF is to maintain an adequate oxygen supply to tissues. We speculate that elevated oxygen consumption by intensely infiltrated inflammatory cells led to extreme hypoxia and subsequent HIF-1 activation in TLR2/IL-10 dKO mice (Figs. 1G, 2A-C, and 3) .
Activation of HIF was confirmed by up-regulation of downstream targets Cp, Caix, iNOS, and Arg1. Of those, Cp is known to contribute to localized aggressive periodontitis through priming of neutrophils (17) . In addition, nitric oxide generated by iNOS is critical in IL-1-stimulated bone destruction via receptor activator of nuclear factor kappa-B ligand, which is a central mechanism of periapical bone destruction (18) . Thus, significant up-regulation of Cp and iNOS in TLR2/IL-10 dKO mice may represent tissue destructive pathways induced by HIF-1. In contrast, Arg1 interrupts iNOS-mediated responses by competing for their common substrate, L-arginine (19) . Therefore, Macrophages are important in periapical lesion development. iNOS and Arg1 are representative biomarkers of proinflammatory M1 and proresolving/healing M2 macrophages, respectively. M2 macrophages assume a key role in efferocytosis and resolution of inflammation (20) . Interestingly, HIF-a subunits (HIF-1a and HIF-2a) affect polarization of M1/M2 macrophages via nitric oxide homeostasis mediated by iNOS and Arg1 (19, 21) . This regulatory system (so-called HIF-a switching) requires further investigation as a putative mechanism in the accumulation of M2 macrophage in the abscess core (Fig. 2C) . We observed heterogeneity of Arg1(+) cells in the abscess ( Fig. 2A-C) , which may reflect the presence of myeloid-derived suppressor cells (MDSCs). In the tumor microenvironment, activation of HIF-1 promotes differentiation of MDSCs to M2/tumor-associated macrophages (21, 22) . Although definitive cell phenotyping is required for validation, it is likely that MDSCs represent another player in the network regulating resolution of inflammation and wound healing in this model (22) .
Activation of HIF-1 is essential in the repair and regeneration of damaged bone via angiogenic-osteogenic coupling (23) . In a distraction osteogenesis model, bone regeneration is mediated by HIF-1 activation and subsequent induction of vascular endothelial growth factor. Indeed, deferoxamine-mediated HIF-1 activation results in accelerated healing including denser and blood vessel-rich woven bone formation. HIF-1 deletion in osteoblasts leads to reduced angiogenesis and delayed bone regeneration (13) . HIF-1-induced CXCL12 appears to be important in the trafficking and recruitment of mesenchymal stem cells/osteoblast progenitor cells to the site of injury in this process (24, 25) . In TLR2/IL-10 dKO mice, up-regulation of Cxcl12 (Supplemental Table S1 is available online at www.jendodon. com) and Vegfa (P = .002 vs. baseline) was confirmed by microarray. This strain also exhibits potent woven bone formation as reactive bone formations on day 21 postinfection (Fig. 1I and J) . Collectively, angiogenic-osteogenic coupling appears to be elevated in this model. In contrast, local activation of HIF-1a failed to induce vascular endothelial growth factor and bone formation in WT periapical lesions (12) . As noted, infected TLR2 KO mice exhibit active angiogenesis but no periapical bone repair occurs (8) . For improved healing, further investigation of the conditions under which HIF-1-mediated angiogenic-osteogenic coupling occurs in infection-induced bone destruction is warranted.
In conclusion, we showed the time course of inflammation resembling osteomyelitis in TLR2/IL-10 dKO mice. In this model, HIF-1 plays a crucial role in spontaneous bone formation and wound healing. This model will be a valuable tool not only for the further elucidation of the pathobiology of osteomyelitis but also for the development of new therapies to accelerate bone and wound healing.
